ABSTRACT: The structure of 6-line and 2-line ferrihydrite (Fh) has been reconsidered. X-ray diffraction (XRD) curves were first simulated for the different structural models so far proposed, and it is shown that neither of these corresponds to the actual structure of ferrihydrite. On the basis of agreement between experimental and simulated XRD curves it is shown that Fh is a mixture of three components: (i) Defect-free Fh consisting of anionic ABACA... close packing in which Fe atoms occupy only octahedral sites with 50% probability; the hexagonal unit-cell parameters are a = 2.96/k and c = 9.40 A, and the space group is P31c. (ii) Defective Fh in which AClBC2A and AblCb2A structural fragments occur with equal probability and alternate completely at random; Fe atoms within each of these fragments have identical ordered distribution within the hexagonal super-cell with a = 5.126 A. (iii) Ultradispersed hematite with mean dimension of coherent scattering domains (CSD) of 10-20 A. The main structural difference between 6-line and 2-line Fh is the size of their CSD which is extremely small for the latter structure. Nearest Fe-Fe distances calculated for this new structural model are very close to those determined by EXAFS spectroscopy on the same samples.
2.35 ~ fringes. In bright-field images, 2.5 A fringes normal to weak 9.4 A fringes were observed. The XRD data were described in terms of a hexagonal cell with a 2.96 ~ and c = 9.4 ~, although HRTEM images indicated the presence of local domains with a = 5-08 ~. The authors concluded from their data that the Fh structure is based on a double hexagonal close-packed oxygen framework containing 36% Fe 3+ in tetrahedral sites.
Manceau et al. (1990) have argued against this model because their interpretation of XANES (X-ray absorption near edge structure) spectra for Fh indicated that Fe 3+ is octahedrally coordinated. Discussion between Manceau et al. (1990) and Eggleton & Fitzpatrick (1990) show that it is worthwhile to continue to search for a structural model which will satisfy both diffraction and spectroscopic data.
In order to solve this problem we have used the mathematical formalism described in detail by Planqon (1981 ), Sakharov et al. (1982a and Drits & Tchoubar (1990) for simulating XRD patterns for lamellar and pseudolamellar structural models containing various defects. In order to obtain a satisfactory agreement between simulated and experimental XRD patterns, only the parameters having a clear physical meaning are varied (e.g. size and shape of coherent-scattering domains (CSD), probability parameters describing contents and patterns in the distribution of stacking faults and site occupancies). In other words, this approach does not employ generally used adjustment parameters for obtaining the fit between peak profiles in experimental and simulated XRD curves. One of the main advantages of this approach is that it is the only way to study the actual defect structure of finely dispersed layer minerals using diffraction methods. Another advantage is that this approach enables a check to be made on the validity of the hypothetical structural models for poorly crystallized minerals described so far in the literature which are based on intuitive considerations. Even though these models may be crystallochemically attractive, they should be discarded if their simulated diffraction characteristics differ from those observed in experimental XRD effects.
MATERIALS AND EXPERIMENTAL RESULTS
The 6-line Fh sample was prepared according to the technique described by Towe & Bradley (1967) . The 2-line Fh sample was obtained by hydrolysing a ferric perchlorate solution up to pH = 8. The XRD patterns were obtained with a DRON-UM-1 automatic powder diffractometer equipped with a horizontal goniometer and a vertical object-plane using Cu-Ko~ radiation and a flat graphite monochromator. The intensities were measured every 0-05 ~ 20 as the number of counts registered in a period of 100 s. A set of narrow vertical slits 0.1-0.25 mm wide was used to limit the beam to a horizontal width of 2-2 mm. Soller slits with an angular aperture of 0.5 ~ were used to limit vertical beam divergence.
The XRD patterns for 6-line and 2-line samples (Fig. la and lb) are nearly identical to those reported by Eggleton & Fitzpatrick (1988) and other authors. The analysis of peaks with d-<2.5 • indicates a hexagonal cell with a = 2.96 • and c = 9-40 ~. The presence of very weak and broad peaks near 4.5 A and 3.30-3.25 ,~ may be treated, according to Towe & Bradley (1967) , as indicating that the true ferrihydrite cell has a = 5.08 A and c = 9-40 ~ and that these reflections have the indices 100 and 102. The XRD patterns for Fh samples, independent of the degree of structural imperfections, always contain a relatively high diffuse intensity (near 2.6-2-7 ~) on the low-angle side of the reflection at 2.51 resulting in an asymmetric profile for this reflection (Fig. 1) .
The two Fh samples were also analysed by EXAFS spectroscopy. Details on data collection and reduction were given in Manceau & Drits (1993) . In this paper only Fe-(O,OH) contributions to EXAFS will be considered in order to characterize better the site occupancy of Fe 3+ and the geometry of its coordination shell.
SIMULATION OF XRD CURVES
In this section XRD curves calculated for published structural models and for a proposed new model are presented. Comparison between experimental and calculated XRD curves will allow checking for the adequacy of previously proposed models as structural models of ferrihydrite. Another reason for such an analysis is that previous publications gave diffraction curves which do not cover the entire angular range in which diffraction peaks are expected.
The Towe & Bradley (1967) 
model
In this model, the atoms are distributed according to a hexagonal motif AcBcA, where A and B are anion positions, and c stands for Fe sites in the close-packed structure. The hexagonal cell had four octahedral sheets (c = 9.4 A), which contains three octahedra per unit-cell in the ab plane (a = 5.08 A; Fig. 2 ). In three sheets only one of the three octahedra is occupied by Fe atoms, while in the fourth Fe cations occupy two octahedra and one is empty. The cell composition is FesO12H9; the presence of hydroxyls groups was later confirmed by Russell (1979) . The scheme given in Fig. 2 shows that Fe cations involved in shared faces are displaced away from one another and away from the centres of octahedra by 1/6 of the octahedral thickness. The authors supposed the presence of stacking faults resulting from lateral shifts by + 1/3 of the [1]-0] vector in the planes indicated by the rippled lines in Fig. 2 . Such defects avoid the sharing of a second face by certain octahedra. Towe & Bradley (1967) gave no quantitative estimation of XRD effects for their model. They thought that stacking faults would decrease the intensity and broaden hOl nodes which would then be manifested in XRD curves either as a continuous streak or as a diffuse maxima. Specifically, they suggested that the presence of stacking faults would lead to a smearing of reflections at 4.2 and 3.28 A. The XRD curve calculated for the model in question is shown in Fig. 3a . The atomic coordinates correspond to the sites in the close-packed structure and Fe cations in octahedra having shared faces were displaced from the centre of octahedra by 0-2 A. The distribution of Fe cations over the unit-cell was assigned according to Fig. 2 . Unit-cells were displaced alternately with equal probability by + 1/3 of the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] vector in the plane marked in Fig. 2 . The CSD were assigned as discs 60 A in diameter in the ab plane. Discs containing 4, 5 and 6 unit-cells (38 A<H<56 ~) were assumed to occur with equal probability. Comparison of simulated and experimental XRD curves allows the following comments: experimental curves for 6-line Fh never contain a basal reflection at --10-30 A; the reflection at 1.51 A is not reproduced by the model; dramatic disagreement is observed in the intensity ratio of the 113 and 114 reflections at 1-96--1.98 A and 1-73 A, respectively. In addition, the supposition by Towe & Bradley (1967) that stacking faults would weaken 100, 101 and 102 reflections is not confirmed. In fact, these defects lead only to the overlapping of these reflections resulting in a strong diffraction maximum near 4 A. Finally, the model does not explain the asymmetry of the reflection at 2-5 A.
The model of Harrison et al. (1967) These authors supposed that oxygens and hydroxyls form a close-packed structure according to the ABACAB pattern while cations are randomly distributed over available octahedral and tetrahedral sites. The hexagonal cell (a = 2.96 A and c = 9.4 A) has the composition FeOOH. The XRD curve calculated for this model is given in Fig. 3b . The shape and size of CSD were the same as in the previous model. Reflections in the simulated and experimental curves have the same positions but a different distribution of intensities as illustrated by comparing the intensities of the 102 (2.24-2.25 A) and 104 (1.73 A) reflections. According to Harrison et al. (1967) , 2/3 of Fe atoms are 4-fold coordinated (random filling of tetrahedral and octahedral sites). To test this hypothesis the Fe-(O,OH) contribution to EXAFS spectroscopy has been simulated and compared to the experimental one obtained for the 6-line Fh (details on data recording and reduction are given in Manceau & Drits, 1992) . In Harrison's model the amplitude of the electronic wave is at a minimum in the low wavevector (k) range and increases with k, while the reverse trend is observed for 6-line Fh (Fig. 4a) . Based on the EXAFS formulae (Teo, 1986) Manceau & Drits (1993) for additional details on EXAFS data reduction and simulation 9
The model of Eggleton & Fitzpatrick (1988) As for the previous model, the structure is based on close-packed oxygens and hydroxyls following the pattern A B A C A B . . . Two sheets of octahedrally coordinated Fe are linked to two sheets having mixed octahedral and tetrahedral Fe coordination (Fig. 5) ; 36% of Fe atoms are in tetrahedral sites and 64% in octahedral sites. The XRD curve was calculated by using atomic coordinates given by these authors and the same size and distribution of CSD as in the two previous models (38 ~< H < 5 6 A; Fig. 3d ). Comparison of this curve with the experimental one shows a relatively good agreement in the range of d-<2.25 A. The presence of octahedral and mixed octahedral-tetrahedral Fe alternating along c leads, however, to relatively strong basal 001 and 002 reflections at 8.78 and 4.79 A. The 001 reflection was not reported by Eggleton & Fitzpatrick in their simulated XRD curve and has never been observed in XRD patterns of 6-line Fh. The presence of basal reflections is simply due to the regular alternation of sheets with octahedral and mixed octahedral plus tetrahedral coordinations for Fe along the c axis.
In contrast to Towe & Bradley (1967) , Eggleton & Fitzpatrick (1988) indexed diffuse maxima near 4.5 ,~ and 3.3-3.25 A as 002 and 003 reflections. This supposition disagrees with our and their calculations as well, since the 002 reflection definitely has a different position (4.7--4.8 ~; Table 4 in Eggleton & Fitzpatrick (1988) and Fig. 3d ) and the 003 reflection intensity remains practically zero. Therefore, the origin of diffuse maxima at 4.5 A and 3-25-3.3 A remains unclear. These authors attributed the pronounced asymmetry of the peak at -2 . 5 ~ to the presence of 40% 2-line ferrihydrite in the initial 6-line sample. After subtraction of the contribution of 2-line Fh to the experimental 6-line XRD curve, the asymmetry of the peak in question decreased, although this subtraction was not enough to produce good agreement between the experimental and calculated Figure 4b shows that neither the phase or the wave envelope of the simulated curve fit the experimental ones. The former obviously resembles that calculated for the model of Harrison et al. (1967) . However, the two calculated curves do not possess exactly the same zero crossings because the two models have different Fe site occupancies. Conversely, comparison of experimental Fe-(O,OH) contributions for 6-line Fh and hematite shows that the two waves superimpose and are in phase over all the k span even to the point of displaying the same beat-node pattern near 11 A -1 (Fig. 4c ). This result indicates that Fe-(O,OH) distances are similar in these two compounds and, consequently, that Fe atoms solely fill octahedral sites in ferrihydrite. The wave beating near 11 A -1 qualitatively indicates that Fe-(O,OH) distances are incoherent by ~-0-14 A (2kAR = :r), which is in fair agreement with XRD data for hematite (d(Feoct.-O) = 3 x 1.95 A + 3 x 2.12 A, Blake et al., 1966) .
In order to test the possible presence of 4-fold Fe, averaged Fe-(O,OH) values deduced from XRD measurements were used (unit-cell parameters plus average atomic positions). Of course, due to the existence of vacancies, these average distances correspond to a crude estimation of the actual Fe-(O,OH) distances. Since the geometry of Fe sites in Fh is close to that of hematite, the following combination of (O,OH) shells was then used for the simulation: 1.90 atoms at 2.12 A (32% Feo~t.) + 1-90 at 1.95 A (32% Feoct.) + 1-40 at 1.86/k (36% FeTet.). This last distance was preferred to the shorter (1-80 A) one of Eggleton & Fitzpatrick (1988) because it is more credible from a crystal-chemical point of view. Figure 4d shows that the simulated curve again does not match the experimental one. The replacement of the 1-86 A distance by that at 1.80/k would have resulted in a stronger discrepancy due to the increase in incoherency of the three elementary distances.
In conclusion, the analysis of the first shell contribtion to EXAFS confirms the absence, or scarcity, of FeTet. , as previously pointed out from XANES spectroscopy (Manceau et al., 1990) .
New structural models for ferrihydrite
All structural parameters used to elaborate the different models described below were obtained by trial and error until a satisfactory agreement between experimental and calculated XRD curves was achieved.
The model with 3D periodic anion packing. The model suggested is composed of oxygens and hydroxyls close-packed according to the pattern AcBcAbCbA. The Fe cations occupy only octahedra with 50% probability and the hexagonal unit-cell has the following parameters: a = 2.96 A and c = 9.40 .~ (Fig. 6 ). The CSD are 60 A in diameter and contain 1, 2, 3 . . . 9, or 10 unit-cells (10 A<H<94 A), each of which occurs with the same probability. The structural model is schematically shown in Figs. 7 and 8 and atomic coordinates are given in Table 1 occupy only 85% of sites available to form an island-like structure (nanoporosity). The remaining 15% of the space between successive A planes can be occupied by water molecules (Fig. 7) . Second, Fe atoms in c and b positions within every layer fragment AcBcA and AbCbA are displaced along the c axis toward B and C planes (Fig. 8) .
Displacements of Fe atoms in these directions strongly modify the distribution of intensities in simulated XRD curves. For example, Fig. 9a shows an XRD curve calculated for this model but with Fe atoms located at the centre of octahedra. The strongest peak is at 1.986/~ whereas it is relatively weak in the experimental XRD curve ( planes leads to a distribution of intensities in the d-<2-25/~ range which is very close to that observed (Fig. 9b) . The calculated XRD curve contains no 001 basal reflection but shows a rather weak 002 peak at 4.7 A due to the asymmetrical displacement of Fe atoms along the c axis (periodicity of 4.7 A along this direction). The intensity of this reflection is reduced owing to the presence of cavities or channels. It should be noted that the displacement of Fe atoms along the c axis toward A planes also strongly modifies the intensity distribution but, in this case, increases the discrepancy between simulated and experimental XRD curves.
One of the main differences between the simulated curve ( Fig. 9b ) and the experimental one (Fig. la) is the position of the first strongest diffraction peak (2.484 A vs. 2.51 A, respectively). This peak results in the overlapping of 100 and 101 reflections and its position depends on the relative intensity of these two maxima. It appears that in the experimental XRD curve, the intensity of the 100 maximum prevails over that of 101, while in the simulated XRD curve the reverse situation is observed. One of the ways to increase the intensity of the 100 reflection is to introduce stacking faults.
The model containing stacking faults. In order to include stacking faults, the CSD of ferrihydrite are supposed to consist of two layer fragments AcBcA (number 1) and AbCbA (number 2) randomly distributed and occurring with equal probability. Each of these fragments is described by a hexagonal unit-cell (a = 2.96 A and c = 4.70 A, Fig. 6 ) and the occupancy of each octahedron by Fe is 50%. The number of anions per one A position in the unit-cell of each layer fragment is 0.5. The form and diameter of CSD are the same as for the Fh model with a 3D periodic anion packing but the number of layers within CSD varies from 1 to 5 (5 A<H<23 A). The CSD with different thicknesses were assumed to occur with the same probability. The XRD curve simulated for this model is shown in Fig. 9c . As expected, the strongest peak now occurs at 2-548 ~ and there are only weak 101 reflections with l = 2n. The reason for the presence of these peaks is that in this model hexagonal anion packing prevails over cubic packing. To make it clear, let us consider four layer subsequences: 111 (ABABABA), 222 (ACACACA), 121 (ABACABA) and 212 (ACABACA) which occur in this model with equal probabilities (0-53). In the first two, a pure hcp occurs whereas in the other two the ratio between cubic and hexagonal subpackings is 2:3. The prevalence of hexagonal packings explains why the simulated XRD curve shown in Fig. 9c resembles that of feroxyhite (6FeOOH, Drits et al., 1993) . In the remainder of this article the Fh model with 3D periodic anion packing will be referred to as the defect-free or periodic model, and the Fh model containing stacking faults as the defective or non-periodic model.
The model consisting of an intergrowth or physical mixture of defect-free and defective Fh components. This model can be depicted as consisting of three layer fragments: ABACA (number 1), ABA (number 2) and ACA (number 3). Fractional coordinates and occupancies of structural sites for ABACA fragments are the same as those given in Table 1 for the defect-free model except that the number of anions in A sites with x = y = 0 is 0.5. Table 2 contains similar data for the two other fragments. The distinctive feature of these fragments is a "splitting" of the Fe position along the c axis in such a way that Fe atoms are displaced from the centre of octahedra by A = 0-3 A. The reason for this splitting is the following: the similarity of the XRD curves for feroxyhite and defective ferrihydrite mentioned above permits us to suppose that both structures have similar or identical local ordering of the Fe distribution. In feroxyhite, Fe atoms are distributed over octahedral sites available in such a way that face-sharing octahedral pairs occupied by Fe atoms regularly alternate along the c axis with empty octahedral pairs (Fig. 6 in Drits et al., 1993) . Due to this local ordering, Fe atoms are displaced in opposite directions away from the centre of their octahedra. Therefore we supposed that such a mechanism operates in the defective ferrihydrite structure as well. This splitting is also important in explaining the EXAFS data (see Discussion section).
The probabilities of occurrence for various sequences of structural fragments can be calculated using conjunctive probability parameters Pij (i,j = 1,2,3) describing the probability for layer fragment j to follow fragment i. These coefficients are conveniently
represented as a matrix:
The value of Pa for the given i and j is at the intersection of the row i and column j. For example, P12 defines the probability for the layer fragment ABA to follow the fragment ABACA. The product WlPI2 determines the complete occurrence probability for ABACABA layer sequences where Wi is the probability of meeting fragment i (i = 1,2,3). (Fig. 10a) and experimental (Fig. 10c) XRD curves is the presence of a relatively strong diffuse maximum near 2-6-2-7 A which is responsible for the asymmetrical shape of the reflection at 2-51 A. All attempts to relate this asymmetry to any type of imperfection including stacking faults or spherical shape of CSD have failed. The hypothesis of the mixture of 6-line and 2-line ferrihydrite proposed by Eggleton & Fitzpatrick (1988) has been discarded since the reflection asymmetry was not removed after allowing for the 2-line component contribution. Moreover, the same asymmetry is observed in the experimental XRD curve for the 2-line Fh sample (Fig. lb) . It is reasonable to hypothesise, therefore, that the cause of this asymmetry is the same for 2-line and 6-line Fh. One possibility is that all Fh samples are, in fact, mixtures of Fh senso stricto with extremely small particles of hematite. This idea originated from the fact that hematite is the only Fe (oxyhydr)oxide whose XRD curve has the strongest peak at 2.6-2-7 A. An XRD curve calculated for a powdered hematite sample having cylinder-shaped CSD 10/k in diameter is shown in Fig. 10b . Cylinders 6-86, 13.72 and 20.58 A thick were assumed to occur with equal probabilities. Of significance in this curve is that it contains only one relatively strong and very diffuse maximum at 2-68 A corresponding to the 104 reflection. Thus, the presence of some ultra-dispersed hematite in the Fh samples studied could explain the appearance of the diffuse maximum at 2.68 ]~ on the experimental XRD curve.
The origin ofsuperlattice reflections. The XRD patterns for samples of 6-line Fh usually contain weak reflections with d>2.7 A. These reflections do not have always the same d values. For example, Towe & Bradley (1967) and Brown (1980) reported values at 4.2 and 3.3 A, while Eggleton & Fitzpatrick (1988) stated 4.5 and 3.25 A. In another instance, XRD curves for Fh-like samples presented by Koch et al. (1987) contained only one reflection at 3.3 A (Fig. 11) . Based on our experimental data, Fh samples yield broad peaks at 4.45 and 3.2-3.3 A. As shown above, these peaks are not basal reflections and suggest either a super-cell resulting from the ordered distribution of Fe cations or from the presence of impurities of Fe oxyhydroxides. This second hypothesis cannot account alone for all observations reported in the literature because none of the Fe oxyhydroxides have strong reflections at 4.5 and 3.3 A simultaneously, and they often possess strong maxima in the low 0 range. That is the case for fiFeOOH and 7FeOOH which contain strong maxima at 7.4 A (110) and 5-25 A (200), and at 6.27 A (020), respectively. An impurity of a, FeOOH cannot be definitely dismissed in some samples because it has a maximum at 4-18 A (110). In conclusion, the hypothesis of phase mixtures offers no satisfactory explanation for the presence of peaks at 4.5 and 3.3 A which were assumed to reflect the tendency of Fe atoms to be ordered in the Fh structure.
To evaluate this ordering, the following unit-cells were considered: a = 2-96 A, b = 5.12 A, c = 9.40 ~; a = 2-96 A, b = 10-25 ft,, c = 9.40 A and a = b = 5.125 A, c = 9.40 A, 7 = 120~ (Fig. 6) . For a given cation distribution, the first cell leads to relatively strong reflections at 4.50/k (001) and 3-47 ~ (012), and the second cell to reflections at 4.28 A (012) and 3.20 ,s (031). The hexagonal cell leads to 100, 101, and 102 reflections at 4.45 A, 4.00 A and 3.28 ~, respectively. The positions of the first and last reflections at 4.45 and 3.238 A practically coincide with experimental ones. However, all attempts to distribute Fe atoms within the periodic Fh structure in accordance with this superlattice in order to obtain a satisfactory agreement between calculated and experimental intensities of Fro. 1l. XRD curve of a sample synthesized by Koch et al. (1987) and containing a physical mixture of feroxyhite (Fx) or defective Fh (Fhd) with periodic Fh (Fhp) and hematite (Ht) having extremely small size of CSD. Modified from Koch et al. (1987) . Co-K0: radiation, spacings in A.
these reflections have failed. In all cases, simulated XRD curves contained 100,101 and 102 reflections simultaneously and the intensity of the 101 peak at 4.00 A usually prevailed over those of the other two near 4.5 and 3-3 A. The presence of only two superlattice reflections can, however, be modelled in terms of the hexagonal anion packing and the unit-cell having a = 5.126 A, c = 4-70 A and 7 = 120~ In this case the reflections observed at --4.5 and 3.3 A have 100 and 101 indices, and Fe atoms are distributed with some degree of ordering over octahedral sites available within the supercell, while anions in the (001) plane are distributed according to the subcell with a = 2-96 A. The intensities of 10l reflections (indexed in terms of the superlattice) only depend on the distribution pattern of Fe atoms.
Based on these considerations, we supposed that an ordered distribution of Fe atoms occurs within each layer unit AcBcA and AbCbA of the defective Fh structure. These two units were described by the same hexagonal unit-cell parameters (a = 5.126/k, c = 4.70 A, 7 = 120 ~ and the same Fe distribution pattern as each other. Atomic coordinates and site occupancies of atoms in these two units used for simulating XRD curves are reported in Table 3 . Figure 12 shows the low-angle part of XRD curves calculated for Fh structures having periodic and random alternation of AcBcA and AbCbA fragments. The XRD curve for Fh structure with a periodic anion packing contains three superlattice reflections at 4.42, 4.01 and 3.24 A reflecting an increase in the periodicity along the c axis up to 9.4 A, (Fig. 12a) . The XRD curve simulated for defective Fh contains only two peaks at 4-40 and 3-24/k in agreement with the experimental XRD curve (Fig. 12b) .
The model proposed for the actual structure of ferrihydrite. In the light of the results presented above, the 6-line Fh sample under study can be considered as a mixture or a fine intergrowth of three components: ferrihydrites with periodic and non-periodic alternations of hexagonal and cubic anion packings and hematite. An XRD curve calculated for a model consisting of a mixture of the two first Fh components is shown in Fig. 13a . The volume ratio of periodic and non-periodic components is 2:1. In the periodic Fh component the probability of occupancy of octahedral sites is 50% and Fe atoms are randomly distributed. Conversely, in the defective Fh structure, Fe atoms are distributed within ABA and ACA fragments according to the superlattice site occupancies shown in Table 3 . The XRD curve simulated for this model is very similar to that calculated for the model containing two Fh components with the disordered Fe distribution except for the presence of two super reflections at 4-4 and 3-24 A (Fig. 10a) . The curve calculated for a model sample represented by a mixture of the two ferrihydrite components and hematite in the volume ratio of 3:1 is shown in Fig. 13b . The position of reflections and the distribution of intensities for the model closely match the experimental pattern for 6-line Fh. The shoulder near 2.68 A results from the superposition of the 100 and 101 reflections for ferrihydrite (indices are given for the sublattice) and 104 reflection for hematite. The appearance of super reflections at 4.4 and 3.2 A reflects the ordered Fe distribution which exists only within the defective Fh component.
The relationships between 2-line and 6-line ferrihydrite. Based on previous results, it is natural to suppose that 2-line Fh is also a mixture of hematite and 6-line Fh where both components have extremely small CSD. Figure 14a shows an XRD curve calculated for the two component Fh model in which the disc-shaped CDS is 20 lk in diameter. Discs 9-4, 14.1 and 18.8 A thick were assumed to occur with equal probabilities. Figure 14a shows that such a decrease in CSD dimensions leads to smearing the reciprocal lattice nodes so that only two broad peaks at 2.52 and 1.50 A remain. The XRD curve calculated for a 3:1 mixture of ultradispersed Fh and hematite (Fig. 14b ) matches well the experimental one (Fig. 14c) . It should be emphasized that XRD curves for 2-line Fh samples are not strictly identical to each other. These changes depend on the ratio of hematite to ferrihydrite as well as on variations in CSD dimensions.
DISCUSSION

Problems with the interpretation of simulated XRD curves
These results indicate that the hexagonal anion packing characteristic for goethite, akaganeite, hematite and feroxyhite structures is not realized in ferrihydrite. Our calculations have shown that even qualitative agreement between experimental and simulated curves is difficult to achieve whatever the patterns of Fe distribution over the sites available in a four-layer hexagonal packing (ABABA...). Thus, all modifications of the Towe & Bradley (1967) model should be used with caution.
Comparison between XRD curves calculated for Eggleton & Fitzpatrick's model (1988) and for the present model shows that positions and intensities of reflections with d<-2.5 A differ only slightly (see Fig. 13 and Fig. 3d ), an unexpected result since the two models differ fundamentally from each other. One might suppose that this similarity results from the fact that these models have identical anion packing, but this supposition is refuted by the peculiarities of the XRD curve calculated for the Harrison et al. (1967) model which has the same anion packing (see Fig. 13 and Fig. 3e) . The results obtained indicate that qualitative agreement between a simulated XRD curve and a certain part of an experimental one is not sufficient for unambiguous conclusions on the structure of a sample. The XRD curves should be examined over the whole angular range where diffraction maxima can be observed. Therefore the fact that Eggleton & Fitzpatrick's model leads to a fairly strong basal reflection assumes critical importance. By using atomic coordinates, site occupancies and CSD dimensions given by these authors, this basal reflection occurs at 8.60 A (Fig. 3e) . By comparing Figs. 3c, 3d and 3e, it can be seen that this reflection shifts to higher 20 with decreasing CSD thickness (H). A drop in H value from 70 to 36 A changes the d(001) value from 9-01 to 8.60 A. This strong discrepancy between the actual periodicity of the structure (c = 9.40/k) and d (001) values measured from the position of the 001 peak arises from the high gradient in the increase of the structure factor with an increase in 20 in the diffraction region involved: the smaller the CSD thickness, the broader the 001 reciprocal node and the more marked the displacement of the 001 reflection (Drits & Sakharov, 1976) .
Heterogeneity of ferrihydrite samples
The analysis of XRD data reported in the literature shows that all natural and synthetic Fh samples are multi-component systems similar to the samples in this study. The presence of two Fh components differing in their anion subpacking distribution is strongly supported by the fact that only the defective Fh XRD pattern contains superlattice reflections. In this respect the results obtained by Koch et al. (1987) are of particular interest. These authors prepared "feroxyhite" (6-FeOOH) samples by rapid oxidation with H202 of a suspension formed by precipitating a ferrous solution with NaOH. The phase composition of the precipitate changed depending on pH values during oxidation and at the end of the reaction. Examination of the XRD curves shown in Fig. 2 of their paper indicates that feroxyhite proper formed only under very alkaline conditions (initial pH = 8-9, final pH = 11-0). Under more acidic to neutral conditions (initial pH = 3-8, final pH = 8.0), the samples consisted of a physical mixture or intergrowth of feroxyhite or defective Fh with periodic Fh and fine dispersed hematite (Fig. 11) . The coexistence of these phases is assessed by the following observations. The strong diffuse maximum at -2.7 A reflects the presence of finely dispersed hematite and is absent when the synthesis takes place in alkaline conditions. The weak but relatively narrow peaks at 1.97 and 1.50/k reflect the presence of defect-free 6-line Fh. More intensive reflections at 2-24, 1-70 and 1.47/k correspond to feroxyhite proper or to defective Fh in which two structural fragments ABA and ACA alternate with a certain degree of disorder. The possible existence of the latter structure is sustained by the abnormally high intensity of the 100 reflection at 2.55 compared to the intensity of the other peaks in the pattern and by the very broad width of the peak at 1.70 A. These diffraction features are characteristic of defective Fh (see Fig. 9c ). Based on our interpretation, therefore, the main difference between the sample under study and those obtained by Koch et al. (1987) lies in the relative proportion of coexisting phases: in the former, 3D periodic ferrihydrite prevails, whereas the latter contains a higher proportion of feroxyhite or defective Fh.
In contrast to the XRD curve for our Fh sample, the data of Koch et al. (1987) contain only one superlattice reflection at 3.3 A reflecting a specific Fe distribution in either feroxyhite or defective Fh (Fig. 11) . As was shown earlier, the appearance of this peak can be explained by assuming hexagonal anion packing with the following unit-cell parameters: a = 5-126 A, c = 4-70 A and 7 = 120 ~ Within this cell, only one superlattice reflection is observed whenever Fe atoms are distributed over three symmetrically independent octahedral sites of the super unit-cell according to the following scheme: where 0.75->p->0.25, and the sum of Fe atoms per unit-cell at fixed z is equal to 1-5. The intensity of the superlattice peak is at a miximum when p = 0-25 or 0.75 and at a minimum when p = 0.5. In the light of the heterogeneity of Fh samples, some specific structural features of defectfree and defective Fh structures will be discussed. First let us compare the mean thickness of octahedral sheets in Fe (oxyhydr)oxides having long-range ordering of Fe atoms. Goethite, feroxyhite and hematite have the same anion packing (hcp) and practically the same octahedral thickness (2-30, 2.28 and 2.29 A, respectively) in spite of their different patterns of Fe distribution. Conversely, lepidocrocite has cubic anion packing and the corresponding thickness of octahedra is 2.38 A. This difference of thickness between hcp and ccp structures is due to the length of an octahedral edge being at a minimum when it is shared by two filled octahedra. In Fe oxyhydroxides with hcp stacking, all edge linkages run roughly parallel to [001] , which explains the flattening of Fe octahedra into 2D ribbons or sheets in the ab plane. In contrast, in ccp structures some of shortened edges run roughly parallel, and some perpendicular, to [001] leading to relatively thick octahedra. The mean octahedral thickness of defect-flee Fh is as large as 2-35 A (9-40 + 4), providing additional evidence for the coexistence of hexagonal and cubic anion packings.
The coexistence of ordered and disordered phases built up by the same layer fragments appears to be a specific feature of finely dispersed crystalline solids. For example, kaolinite samples usually consist of a mixture of ordered and disordered crystals, all of these being formed of identical elementary 1 : 1 aluminosilicate layers. The relative proportions of these two phases change from one sample to another but the degree of structural perfection of ordered and disordered phases remains practically the same (Planqon et al., 1988) .
Local structures
Displacements of Fe atoms from the centre of octahedra in periodic Fh can be explained by a regular alternation along the c axis of anion planes consisting mainly of oxygens (B and C anion planes) and hydroxyls (A anion planes), respectively. A decrease in the Fe-O bond length promotes local compensation of the highly charged oxygens located in B and C planes. On the other hand, the displacement of Fe atoms towards B and C planes indicates that ABA and ACA fragments have no, or few, pairs of face-sharing octahedra since Fe-Fe atoms generally repel face-sharings. In other words, in these fragments every pair of facesharing octahedra has one vacant and one filled octahedron. Thus, Fe-containing octahedra within ABA and ACA fragments are joined together only by their edges and corners.
The Fe-Fe distances for edge-and corner-sharing octahedra in these fragments are equal to 2-96 and 3.50 A, respectively. Structural fragments BAC and CAB have no face-sharing octahedra (cubic stacking) and Fe-Fe distances for edge-and corner-sharing octahedra are equal to 3.35 and 3-78 A, respectively.
A quite different pattern of Fe distribution must be assumed for the defective Fh structure. As shown in Table 3 , three symmetrically independent octahedral sites within the super unit-cell are occupied by Fe at Cl, c2 and bl, b2 levels of AClBC2A and AblCbzA fragments with a high tendency to hematite-like and antihematite-like ordering. Indeed Fe atoms in c2 and b2 sites are distributed along the [110] direction over three symmetrically independent octahedra in such a way that occupancy probability for two edge-sharing octahedra is less than in the third one (P --0.8, 0.35, 0.35; anti-hematite tendency). The reverse tendency is observed for Cl and bl sites (P = 0.55, 0.55, 0.4; hematite tendency). In addition, within these structural fragments face-sharing octahedra should occur because the total amount of Fe in some octahedral pairs located on either side of B and C layers is > 1 (e.g. Pve(2/3, 0, O.81) + Pv~(2/3, 0, 0.19 Table 3 ).
Let us compare now these data with results obtained for ferrihydrite by EXAFS spectroscopy (Manceau & Drits, 1993) . It is remarkable that, in spite of heterogeneity of this sample, its EXAFS spectrum shows three well-defined Fe-Fe distances at 2-92 A (Ao = 0.00 A), 3.05 ~ (Ao = 0-00 A) and 3.44 A (Aa = 0.05 A; Table 1 in Manceau & Drits, 1993) . The short Fe-Fe distances at 2.92 A indicates the presence of face-sharing octahedra in hematite and in the defective Fh local structure. The Fe-Fe distance at 3.44 A can be considered as a mean-weighted value (a = 0-05 &) of 3.35 and 3.50 A distances in the periodic Fh structure as well as similar values for corner-sharing octahedra in hematite and defective Fh (3-38 A). The origin of the Fe-Fe distance at 3-05 A can be explained as follows. X-ray diffraction provides a mean value between octahedral centres in the ab plane (2.96 A) which is different from the actual distance between Fe atoms in edge-sharing octahedra. Indeed, the local structure proposed for periodic Fh consists of chains formed by edge-sharing Fe octahedra which alternate with empty chains, and the distances between centres of occupied and vacant octahedra should be different compared to those between two occupied octahedra having common edges. In defective Fh, Fe-Fe distances also depend on the peculiarities of the local distribution of Fe atoms. If the suppositions concerning the splitting of Fe positions along the c axis (Table 3 ) and the similarity of local distribution in feroxyhite and defective ferrihydrite are valid, then the nearest Fe-Fe distances within AcaBc2A and AblCb2A fragments should be equal to 2.90 and 3-04 A for face-and edge-shared Fe octahedra as was shown for the feroxyhite structure (Drits et al., 1993) .
Structural relationships between ferrihydrite, defective ferrihydrite, hematite and goethite
Identifying the specific mechanism by which Fh is transformed into hematite and goethite is an important problem. Although Fh is the precursor of goethite, akaganeite and hematite, its structure contains both hexagonal and cubic anion packings. In contrast to Fh, goethite, akaganeite, hematite, and feroxyhite have strictly hexagonal anion packing. Therefore, the structural transformation should be accompanied by substantial modifications of the anionic framework of Fh, and a mechanism of dissolution-precipitation seems more probable than a solid-state transformation. Nevertheless, attention should be paid to a possible important role played by channels or cavities within the Fh framework because the transformation of the cubic BAC anion packing into a hexagonal one could occur in lateral directions through migration of cations and anions along these channels.
In the light of the phase transition problem it is interesting to emphasize structural similarities and disimilarities between the three components of Fh samples. The hematite component has a hexagonal oxygen packing and an ordered Fe distribution so that in every (001) plane, two edge-sharing octahedra occupied by Fe regularly alternate along the [110] direction with an empty one. As a result the hematite structure contains face-, corner-and edge-sharing octahedra occupied by Fe in the ratio 1 : 3 : 3. It is supposed that in the periodic Fh structure a strictly regular alternation of hcp and ccp occurs with the absence of longrange ordering in Fe distribution. This is why this structure is described by a hexagonal sublattice. The defective Fh structure can be considered as an intermediate member between hematite and periodic Fh. On one hand, the defective and defect-free Fh components have in common the same ABA and ACA structural fragments. On the other hand, hematite and defective Fh have face-sharing octahedra and a similar periodicity within the ab plane owing to the ordered distribution of Fe, but their distribution patterns of Fe atoms are different. This strong tendency to the ordering of distribution of Fe atoms in defective Fh can be explained by the fact that, as was shown previously, hexagonal anion subpackings prevail. In these subpackings Fe atoms have the same x,y coordinates, so they must be distributed with some ordering to avoid two face-sharings per octahedron.
The presence of a defective Fh phase, whose structural features are intermediate between those of the two other components, probably reflects the different stages of the periodic Fh to hematite transformation. The relative proportion of these three components will depend on aqueous solution parameters, such as pH and T, and on ageing time. The reasons for their permanent coexistence among all known synthetic and natural samples are unclear, but are probably related to the fact that both Fh and hematite form in neutral pH; the former is obtained at room temperature and transforms progressively into hematite at increasing temperature or ageing time (Schwertmann & Murad, 1983) . The intimate phase mixture of Fh recognized herein should be taken into account when studying macroscopic properties. Specifically, this leads to difficulties in determining the chemical composition of ferrihydrite which depends on both particle dimensions and hematite content.
